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Abstract: Periodic optical waveforms of arbitrary shape in the femtosecond and 
subfemtosecond time scale are synthesized from a comb generated by molecular modulation. 
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Subfemtosecond optical waveforms can be obtained by the Fourier synthesis of a sum of octave 
spanning coherent frequencies [1]. Recently we reported the generation of a commensurate 
octave-spanning frequency comb by adiabatically driving the molecular vibrational coherence of H2 [2]. 
Here we report the synthesis of femtosecond and attosecond waveforms using line-by-line shaping of 
the frequencies of this comb.[3,4] These waveforms are visualized by shaper-assisted cross-correlation 
of pulses created from the waveform itself. 
The experimental scheme is shown in fig 1. A monochromatic fundamental beam at 4155.2cm-1 is 
used to generate its 2nd harmonics and these two beams are incident into a H2 cell to generate several 
anti-Stokes orders. A pair of prisms is used to vary the phase difference between the fundamental and 
the second harmonic which serves to control the carrier-envelope phase (CEP) of the system. A BBO 
crystal is used to produce heterodyne signals that allow us to set the initial relative phase among each 
pair of adjacent harmonics or anti-Stokes orders. A pulse-shaping system consisting of a 4-f prism 
arrangement and two liquid crystal modulators [5] is used to adjust and compensate the phase and 
amplitude of each harmonic.  
	  
Fig. 1. Schematic of experimental setup. HW, half-wave plate; LN, LiNbO3 crystal; PP, CaF2 prism pair; P, polarizer; L, lens; 
H2 , hydrogen molecule; CM, curve mirror; AM, amplitude modulator; PM, Phase modulator, BBO, β-barium borate; PW, power 
meter; PB, Pellin-Broca Prism; PD, Si photodiode. The power meter replaces with the BBO after the measurement of the CEP 
phase is complete. 
For the present experiment we employ the first five components of the generated comb spectrum 
(first to fifth harmonic of the spectrum). The carrier-envelope phase and the relative phase between 
adjacent harmonics are adjusted using heterodyne signals produced from the second to the fifth 
harmonic [2]. After setting the phases, electrical waveforms of any desired shape are Fourier 
synthesized by appropriate adjustment of the amplitude and phase of these harmonics. For example, 
sine and cosine waveforms that have electric field half-widths of ~500 attoseconds are formed with 
relative amplitudes of {1,1,1,1,1} for the five harmonics and a CEP of π/2 and 0 respectively. Sawtooth 
waveforms are synthesized using amplitudes of {1, ½, 1/3, ¼, 1/5} and a CEP of π/2. 
We use interferometric cross-correlation to verify successful synthesis of these waveforms. It can 
be shown that for two fields Ea(t) and Eb(t) with relative time delay τ their cross-correlated signal is 
given by 
( )2 2( ) 2 cosan bn an bn bn an CEP
n
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where Aanω , φanω, Abnω , and φanω are the amplitude and phase of the two fields. By setting one of the 
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functions to be the identity function then the time dependent part of I(τ) is a replica of the other 
function. In our experiment the identity function is a transform-limited cosine waveform and we derive 
this waveform by separating our field amplitudes using the pulse-shaping technique and then record the 
cross-correlation signal of this waveform with the balance of the initial waveform by varying τ.  
This procedure was used to synthesize and visualize various waveforms. The result is shown in 
figure 2. Sine and cosine waveforms that have electric field half-widths of ~500 attoseconds are formed 
with relative amplitudes of {1,1,1,1,1} for the five harmonics and a CEP of p/2 and 0 respectively. 
Square waves are synthesized using amplitudes of {1, 0, 1/3, 0, 1/5} and a CEP of π/2.  For the same 
amplitudes the square wave transforms into a triangular wave when the CEP shifts from π/2 to 0 or π. 
Pulse to pulse spacing is 8 femtoseconds. These are direct experimental verification that any desired 
waveform can be obtained with the procedure described in this report by first determining the Fourier 
amplitudes of the spectrum and the CEP beginning from the temporal form of the wave. 
We note that the correlation measurement scheme we have described is an all-optical technique. 
The measurements are done entirely on a table top and do not involve any vacuum or purged apparatus. 
This is possible since the multi-octave-spanning comb falls entirely in the ir-visible-uv region. It should 
be noted that while the correlation signal mimics the waveform closely they do not represent directly 
the synthesized field. The signals shown in figures 2-4 represent the shape after the initial waveform 
has been split. The synthesized field is the sum of these signals and a transform-limited cosine wave 
with unity amplitude. Alternatively it is possible to emulate a desired waveform with the split 
waveform. In this event, the starting waveform at the measurement location will be that of this 
“desired” field plus a transform-limited cosine function. 
Figure 2. Ultrafast periodic waveforms: l to r: cosine, sine, sawtooth, triangular and square waves. Dots are measured data points. 
Red line is simulation. The upper row and the lower row differ only in carrier-envelope phase by π. Horizontal scale is in units of 
femtosecond. 
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